Proteolysis is essential for the maintenance of homeostasis, and it requires spatial and temporal control. Prokaryotic cells, which lack membrane-bound compartments, have developed self-compartmentalizing proteases that sequester the proteolytic activity from the crowded environment of the cell. 1, 2) The proteasome is a prototype of such a proteolytic enzyme. The structural architecture of the proteasome is highly conserved across all three domains of life: Eucarya, Bacteria, and Archaea. In addition, the proteasome from the archaebacterium Thermoplasma acidophilum is well characterized owing its relative simplicity. Eubacterial proteasomes are found in actinomycetes, and the first proteasome was discovered in the actinomycete Rhodococcus erythropolis.
3) The proteasomes of most R. erythropolis strains are composed of only two subunits, and , whereas that of the NI86/21 strain is composed of four subunits.
3) These two subunits ( and ) are encoded in an operon downstream of an open reading frame (ORF) named orf7, which encodes a protein of 64 amino acids, and the homologous gene of Streptomyces coelicolor is not essential. 4) Until recently, the function of orf7 was not well characterized owing to a lack of well-developed genetic tools for studying Rhodococcus and difficulties in recombinant Orf7 preparation.
It has now been reported that the Orf7 homolog in Mycobacterium spp. is the functional analog of ubiquitin, and that Orf7 (named the prokaryotic ubiquitinlike protein, Pup) is specifically conjugated to proteasome substrates. 5, 6) Before ligating to target proteins, Pup is activated by the deaminase of Pup (Dop) by deamination of the C-terminal glutamine to glutamate, converting the Pup C-terminal from GGQ to GGE. 7) Proteasome accessory factor A then ligates Pup to target proteins by catalyzing the formation of an isopeptide bond between the C-terminal glutamate of Pup and the "-amino group of lysines in the substrates. In degrading pupylated proteins, the proteasomal ATPase complex (ARC) recruits pupylated proteins by binding Pup to its N-terminal coiled-coil domains, 8, 9) and the substrates are then translocated through the ATPase pore into the proteasomal catalytic chamber. 10) In this Pup-dependent proteolytic system, Dop functions not only as a deaminase of Pup but also as a depupylase, removing Pup from pupylated substrates by cleaving the isopeptide bond between Pup and the target proteins. 11, 12) Given that the proteasome and proteasomal ATPase are not essential in Rhodococcus, it is unclear how the half-life of pupylated proteins is regulated in cells lacking genes that encode these proteins. Moreover, no all pupylated proteins lead to degradation. 13) Dop may have a crucial role in the degradation and functional regulation of pupylated proteins using other ATPdependent proteases.
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In this study, we prepared Rhodococcus Pup and Mycobacterium Pup conjugated proteins and tested the deconjugation of Pups from conjugated pupylated proteins by Dop. Moreover, we prepared Pup-fused enhanced cyan fluorescence protein (ECFP) and pupylated inorganic pyrophosphatase (PPase), and used them as model substrates for Dop. The results suggest that Rhodococcus Pup is degraded by Dop and is not recycled for pupylation to target proteins.
Materials and Methods
Bacterial strain and culture conditions. The R. erythropolis PR4 strain was purchased from the National Institute of Technology and Evaluation (NITE, Japan). Escherichia coli XL1-Blue and E. coli BL21 (DE3)-RIL were used for general cloning and protein expression respectively. The R. erythropolis PR4 and E. coli strains were cultured routinely in Luria-Bertani (LB) broth (1% Bacto-tryptone, 0.5% Bacto-yeast extract, and 1% NaCl) in the presence and absence of appropriate antibiotics. The antibiotics were used at the following concentrations: chloramphenicol (17 mg/mL, for R. erythropolis), kanamycin (200 mg/mL, for R. erythropolis), apramycin (100 mg/mL, for R. erythropolis), tetracycline (8 mg/mL, for R. erythropolis), and ampicillin (100 mg/mL, for E. coli). Cultures and agar plates were incubated at 28 C for Rhodococcus spp. and at 37 C for E. coli. In the culture plate, the medium was solidified by adding 1.5% agar. E. coli XL1-Blue was used for vector maintenance and amplification. Competent Rhodococcus cells were prepared by the procedure outlined by Shao et al. 14) Transformation of Rhodococcus strains was performed by a previously described method. 15) Plasmids construction. Plasmids were constructed using standard procedures. 16) They are shown in Table 1 . PCR analyses were performed with Pfu Turbo Ò DNA polymerase (Stratagene, La Jolla, CA) or KOD Fx polymerase (Toyobo, Osaka, Japan). DNA was sequenced with a BigDye Ò Terminator v3.1 Cycle Sequencing Kit (Life Technologies, Carisbad, CA) on an ABI Prism 3100 Automated Sequencer (Life Technologies, Carisbad, CA) following the manufacturers' instructions.
Construction of gene knockout mutants. The plasmid constructs used in the creation of gene knockout mutants are shown in Table 1 . To create the proteasome beta subunit gene (prcB) knockout mutant, wild-type R. erythropolis PR4 was transformed with pHNprcBKO by electroporation. By colony PCR analysis, six of 92 clones were confirmed to harbor the intended gene disruption. The prcB knockout mutant was named R. erythropolis PBR468.
The R. erythropolis PBR468 strain was transformed with pHNarcKO by electroporation. Colony PCR analysis showed that three of 102 clones were successfully disrupted in the arc gene. The arc gene encodes proteasomal ATPase complex ARC (for AAA ATPase forming ring-shaped complexes). The prcB and arc doubleknockout mutant was named R. erythropolis PBAR433.
The R. erythropolis PR4 mutant lacking the dop-pup-prcBA gene region was created by the double-crossover method. prcBA encodes the proteasome subunit and subunit. Briefly, R. erythropolis PR4 was transformed with pK18PR4dopKO by electroporation. The resulting kanamycin-resistant colonies were subjected to PCR screening to identify genuine single-crossover mutants with the following primers: pK18mob-S (5 0 -GGCAGTGAGCGCAACGCAATTAATG-3 0 ) and PR4dop-1AS (5 0 -CTTGCCGTCGACGTTGTTCTTGTAC-3 0 ). With this primer set, genuine mutants (homologous recombinants) gave a 1.0-kb amplified fragment. A single-crossover mutant was grown in antibiotic-free LB medium to generate the double-crossover mutant, and then the resulting mutants were further selected on LB agar plates containing 20% (w/v) sucrose. Colonies on the sucrose-containing plate that exhibited the sucrose-resistant and kanamycin-sensitive phenotype, were further subjected to PCR screening in order to identify double-crossover mutants with gene deletion by using the following primers: PR4dop-Up-2S (5 0 -GTGACAGCGCAACGGAGAGTTG-TTC-3 0 ) and PR4prcA-Down-2AS (5 0 -CAACACAGCCAGCCTGGG-CGGATAC-3 0 ). With this primer set, a revertant double-crossover clone (corresponding to the wild type) gave a 4.5-kb amplified fragment, and a double-crossover clone with gene deletion gave a 1.3-kb amplified fragment. The double-crossover mutant was confirmed by PCR, and was named R. erythropolis DPA698.
Recombinant protein expression and purification. To purify the pupylated proteins, R. erythropolis PBAR433/pTipRT1-His 6 -pupRe and DPA698/pTipRT1-His 6 -pupMt were grown in LB medium. Expression of His 6 -Pup Re (Pup Re ) and His 6 -Pup Mt (Pup Mt ) was induced by the addition of 0.5 mg/mL thiostrepton and overnight incubation at 28 C. The cultured cells were harvested by centrifugation at 6;700 Â g. They were resuspended in buffer A (20 mM Tris-HCl, 300 mM NaCl, and 10% glycerol; pH 8.0) and disrupted by sonication (Tomy Ultrasonic Disruptor UD-201; Tomy Seiko, Tokyo To purify Strep-Pup$His 6 -PPase and Strep-Pup ðAA33/4TEÞ $His 6 -PPase, pTipRT2-Strep-pupGGE or pTipRT2-Strep-pup ðAA33/4TEÞ GGE was co-transformed with pTipQC1-His 6 -ppase into R. erythropolis DPA698. The purification procedure was almost same as that for pupylated proteins, except that a different buffer set was used. Resuspension and sonication were done in buffer F (50 mM Naphosphate and 300 mM NaCl; pH 8.0) and the sepharose was washed with buffer G (50 mM Na-phosphate, 300 mM NaCl, and 10% glycerol; pH 6.0). The His 6 -tagged proteins were eluted with a linear gradient of 0-400 mM imidazole in buffer G. The fractions containing pupylated PPase were pooled, loaded directly onto a Strep-Tactin sepharose column, and isolated following the manufacturer's instructions. The eluated protein was dialyzed against buffer H (25 mM Tris-HCl and 20% glycerol; pH 7.5).
To purify Pup-ECFP-His 6 (PupGGE-ECFP-His 6 ), pET22b-pupGGE-ECFP-His 6 was transformed into BL21(DE3)-RIL. Pup-ECFP-His 6 was expressed by the addition of 0.5 mM IPTG, followed by overnight incubation at 37 C in LB medium. The expressed protein was purified in 3 steps by Ni-NTA Sepharose affinity chromatography, and ion exchange chromatography, followed by size-exclusion chromatography. At the first step, Pup-ECFP-His 6 was isolated by Ni-NTA affinity chromatography following manufacturer's instructions. At the second step, the fractions containing Pup-ECFP-His 6 were pooled and loaded onto a DEAE Sephacel column pre-equilibrated with buffer I (25 mM Tris-HCl and 10% glycerol; pH 7.5). Bound proteins were eluted with a linear gradient of 0-500 mM NaCl in buffer I. At the last step, the fractions containing Pup-ECFP-His 6 were pooled and concentrated by Amicon Ultra 15 with a molecular weight cut-off of 10,000 (Millipore, Bedford, MA), and then fractionated by sizeexclusion chromatography on a HiPrep 16/60 Sephacryl S-100HR column (GE Healthcare Bio-Sciences AB, Uppsala, Sweden) preequilibrated with buffer J (25 mM Tris-HCl and 100 mM NaCl; pH 7.5). The eluted Pup-ECFP-His 6 was dialyzed against buffer H.
To purify Dop Re -His 6 (Dop Re ) and Dop Mt -His 6 (Dop Mt ) R. erythropolis PBAR433/pTipQC2-dopRe-His 6 or R. erythropolis DPA698/ pTipQC2-dopMt was prepared. Recombinant Dops were expressed by adding 0.2 mg/mL thiostrepton to the LB medium at 20 C overnight. The expressed Dop Re or Dop Mt was purified by Ni-NTA affinity chromatography following the manufacturer's instructions, and the buffers used were added at 1 mM ATP and 5 mM MgCl 2 . The fractions containing Dop-His 6 were pooled and dialyzed against buffer K (25 mM Tris-HCl, 100 mM NaCl, 10% glycerol, 1 mM ATP, and 5 mM MgCl 2 ; pH 7.0). For Dop Re isolation, the proteins were loaded onto a DEAE Sephacel column pre-equilibrated with buffer K, and the flow-through fraction was collected and dialyzed against buffer L (25 mM Tris-HCl, 100 mM NaCl, 10% glycerol, 1 mM ATP, and 5 mM MgCl 2 ; pH 7.5). For Dop Mt isolation, the proteins were loaded onto a DEAE Sephacel column pre-equilibrated with buffer M (25 mM TrisHCl, 10% glycerol, 1 mM ATP, and 5 mM MgCl 2 ; pH 7.0). Bound proteins were eluted with a linear gradient of 0-500 mM NaCl in buffer M. The fractions containing Dop Mt were pooled and dialyzed against buffer L.
The isolated proteins were stored at À20 C until use. Protein concentrations were determined using the Bradford assay in conjunction with a bovine serum albumin (BSA) standard curve. Unless specified otherwise, the restriction enzymes used for cloning into the corresponding sites of the original vector are underlined. Ã2 Genomic DNA from R. erythropolis PR4 was isolated by a previously described method.
34)
Ã3 Chromosomal DNA from M. tuberculosis was kindly provided by N. Ohara (Nagasaki University). Ã4 A Strep-tag (MASWSHPQFEK) was added to the N-terminal of Pup using primer F3, and Pup was mutated Q64 to E64 using primer R3. Ã5 Amplified products were digested with EcoRI and XhoI for the linker-ecfp fragment and with NdeI and EcoRI for the pup fragment. Both digested fragments were ligated into the NdeI/XhoI site of pET22b. The Plasmid constructed encoded PupGGE (a Pup Q64E variant), the linker sequence (KEFLQPGGS), and ECFP-His 6 . Ã6 The amplified products were digested with BamHI and NdeI for the upstream region, and NdeI and HindIII for the downstream region. The digested products were ligated into the corresponding sites of pK18mobsacB.
Depupylase activity assay. Pupylated proteins (44 mg) and Dop (2.7 mg) were incubated in 80 mL of reaction buffer N (50 mM TrisHCl, 2 mM ATP, 5 mM MgCl 2 , 1 mM DTT, and 10% glycerol; pH 8.0) at 37 C for 2 h. At various time points (0, 30, 60, and 120 min), samples were withdrawn and added to the SDS loading buffer.
Strep-Pup$His 6 -PPase (90 mg) were incubated with Dop Re (3 mg) in the presence and the absence of 7 mM EDTA in 60 mL of reaction buffer L at 37 C. At various time (0, 5, 10, 15, 30, and 45 min) points, samples were withdrawn and added to SDS loading buffer. StrepPup ðAA33/4TEÞ $His 6 -PPase (38 mg) was incubated with Dop Re (1.
C, the amount of the inorganic phosphate released was determined by the methods described by Lanzetta et al.
18)
Pup-ECFP-His 6 (10 mg) and Dop Re (15 mg) were incubated in 100 mL of reaction buffer L at 30 C for 9 h. At various time points (0, 1, 3, 6, and 9 h), samples were withdrawn and added to the SDS loading buffer. The amino-terminal sequence of Pup-ECFP was determined by amino acid sequencing, which was done according to a standard protocol. 19) The samples were analyzed by SDS-PAGE and/or transferred to a PVDF membrane for immunoblot analysis using anti-His 6 monoclonal antibody (Covance, Princeton, NJ) or anti-Pup antibody raised against a synthetic peptide (NH 2 -DLLDEIDDVLEENAEDFVRA-COOH).
Peptidase activity assay. Dop Re (3 mg) or Dop Mt (3 mg) was incubated with 100 mM fluorogenic (AMC) substrates (H-Ala-AMC, H-AR-AMC, H-AAF-AMC, and Suc-AAF-AMC) for 1 h at 37 C in the presence and the absence of Thermoplasma F2 aminopeptidase (40 or 80 ng) in 100 mL of reaction solution (50 mM Tris-HCl, 2 mM ATP, 5 mM MgCl 2 , and 1 mM DTT; pH 8.0). At the end of incubation, the reaction was stopped, and the fluorescence of AMC released was measured with a fluorescence spectrophotometer (F-2500; Hitachi, Tokyo) at excitation and emission wavelengths of 380 nm and 460 nm respectively.
LC-MS/MS analysis.
Pupylated proteins that purified with the use of recombinant His 6 -Pup under denaturing conditions were resolved on 12.5% polyacrylamide gels, and they were then stained with Coomassie Brilliant Blue. The stained gel was sliced in 1-mm thick sections from the top of the gel, and each gel piece was digested with trypsin, as described by other investigators. 20, 21) To analyze the deconjugated free Pup Mt , the protein band from the stained gel was excised and subjected to trypsin digestion before LC-MS/MS analysis.
To analyze the degradation of pupylated PPase by Dop Re , 1.25 mg of Strep-Pup$His 6 -PPase was incubated with 104 mg of Dop Re in 350 mL of reaction buffer L at 37 C for 2 h. After Dop treatment, the sample was filtered using a centrifugal filter (Amicon Ultra; MWCO ¼ 30;000) and 250 mL of the flow-through fraction was collected. Peptides in the 50 mL flow-through fraction were isolated using a MonoTip C18 tip (GL Sciences, Tokyo) following the manufacturer's instructions.
Isolated peptides were separated by reverse-phase chromatography, and were analyzed by nanoelectrospray ionization-MS/MS, followed by a database search as previously described.
22) The false positive rate was below 1% as estimated by reverse database searching, 23) and proteins with at least two unique peptides of distinct sequences were accepted. Proteins represented by only one peptide were eliminated from the list, even if the same peptide was found in several experiments.
Results and Discussion
Depupylase activity of Dop Dop functions as a depupylase. It removes Pup from pupylated proteins by cleaving the isopeptide bond between Pup and target proteins. To characterize the depupylase activity of Dop Re , Pup Re conjugated proteins were prepared. Pup Re was overexpressed in R. erythropolis PBAR433 and the pupylated proteins were isolated by Ni-NTA affinity chromatography, as described above in ''Materials and Methods.'' Approximately 1-2 mg of pupylated proteins was obtained from a 1-L culture, and the yield of pupylated proteins obtained from the proteins prepared from the wild-type R. erythropolis strain was similar. When His 6 -PupGGE (a Pup Q64E variant) and Dop Re were co-expressed in R. erythropolis DPA698, no pupylated proteins were detected in the crude cell extract by Western blot analysis (data not shown). These results suggest that Dop is a key enzyme in depupylation, and that the endogenous expression level of Dop was not high because the pupylated proteins were accumulated in cells when only Pup was overexpressed.
When the pupylated proteins were treated with Dop Re and resolved by SDS-PAGE, their mobilities shifted, and their numbers were decreased by the removal of Pup (Fig. 1A) , but free Pup Re was not detected by SDS-PAGE or Western blot analysis. Furthermore, free Pup Re was not detected even when a few milligrams of pupylated proteins was treated with Dop Re and resolved by SDS-PAGE (data not shown), suggesting that free Pup Re was rapidly degraded by an unknown protease. The pupylated proteins exhibited a very weak trypsinlike activity, which was detected with fluorogenic (AMC) substrates. This activity might not have been involved in Pup degradation, because the band patterns of the pupylated proteins did not alter during incubation in the absence of Dop (Fig. 1B) .
Imkamp and coworkers reported that Dop played a role in the release of Pup from pupylated proteins and that the free Pup accumulated in the mycobacterial Pup modification pathway. 12) To clarify why no depupylated Rhodococcus Pup was detected, we prepared Pup Mt conjugated proteins and Dop Mt using Rhodococcus as a host cell, and we tested the depupylation of Pup-tagged proteins. When Pup Mt -tagged proteins were used as substrate, Dop Mt deconjugated Pup from pupylated proteins, and a new low-molecular-weight band was observed (Fig. 1C) , as reported by other researchers. 11, 12) We confirmed that the band contained Pup Mt by performing Western blot and LC-MS/MS analyses (data not shown). The results obtained for Dop Re were similar to those obtained for Dop Mt , but free Pup was not detected when Pup Re conjugated proteins were used as substrate (Fig. 1C) . These results indicate that protein stability differ between Pup Re and Pup Mt .
Rhodococcus Pup is cleaved at internal sites by Dop
Expression and purification of free Pup Re was not successful due to its instability (data not shown). To clarify why free Pup Re was unstable and did not accumulate, a linear fused Pup-ECFP-His 6 protein was prepared and incubated with Dop Re . After incubation, Pup-ECFP-His 6 alone was stable, and no degradation was observed (Fig. 2A) . The fused protein was cleaved into two shorter fragments, and neither free Pup nor ECFP was observed after a long reaction in the presence of excess amounts of Dop Re , in contrast to the depupylation activity assay (Fig. 1) . This indicates that Dop Re has endoproteolytic activity. The N-terminal amino acid sequences of the fragments indicated that Pup cleavage occurred after A33 (upper band) and Y58 (lower band), of which only Y58 is conserved in mycobacterial Pup (Fig. 2B) . When a linear fused M. tuberculosis Pup-GFP was used, Pup Mt was found to be stable, and was not cleaved by Dop Mt .
12) These data strongly suggest that Dop Re degrades the Pup Re deconjugated from pupylated proteins, and that free Pup does not accumulate.
Proteomic analysis of pupylated proteins and preparation of a model substrate
To further explore the depupylase activity of Dop Re , a model substrate was prepared. Pupylated proteins were isolated and resolved by SDS-PAGE and the protein bands were subjected to LC-MS/MS analysis, as described above in ''Materials and Methods.'' More than 100 proteins were detected, and the pupylation sites of 31 proteins were identified (Table 2 ). Several proteins have been identified as pupylated target proteins in M. tuberculosis and M. smegmatis. 13, 24, 25) Consistent with previous reports, all pupylated sequences were detected as GGE-K linkages, and no Pup$Pup conjugation (poly-Pup) was detected. 13, 20, 21) We selected PPase as a model substrate and prepared pupylated PPase. Strep-Pup and His 6 -PPase were coexpressed in R. erythropolis DPA698 and the pupylated PPase (Strep-Pup$His 6 -PPase) was isolated by affinity chromatography. PPase is a homo-hexameric complex, and one Pup molecule is conjugated to one or more subunits in a complex. Thus, two major bands, pupylated PPase and Pup-free PPase, were detected by SDS-PAGE (Fig. 3A) . The pupylation site (K155) of StrepPup$His 6 -PPase was confirmed by LC-MS/MS analysis. By resolving an excess of Strep-Pup$His 6 -PPase on SDS-PAGE, weak high-molecular-weight pupylated PPase bands, which reacted with an anti-Strep-tag antibody (data not shown), were detected. The migration of the pupylated protein on SDS-PAGE was altered upon pupylation of other sites on the molecule. 26 ) Based on the primary sequence and structural data for mycobacterial PPase, several lysine residues were exposed on the surface of Rhodococcus PPase, 27) suggesting that lysine residues other than K155 were also pupylated.
Characterization of the endopeptidase activity of Dop
Upon incubation of Strep-Pup$His 6 -PPase with Dop Re , Pup was deconjugated from PPase, and the pupylated PPase bands decreased in a time-dependent manner (Fig. 3A) . Depupylation was almost complete after a 60-min reaction. Sequence analysis and mutagenesis experiments on Mycobacterium Dop have shown that Dop shares structural similarity with glutamate synthetases (GS).
28) The Six predicted -strands with key residues conserved in members of the GS-fold family are also conserved in Rhodococcus Dop. The conserved residues are important to Dop activity, and are believed to be involved in the coordination of Mg 2þ , ATP, and the C-terminal amino acid residue of Pup, glutamate. 28) The depupylase activity of Dop Re was abolished by the addition of EDTA (Fig. 3A) . In this experiment, no deconjugated free Pup was detected in the stained gel (Fig. 3A) analysis showed that Dop Re cleaved not only the isopeptide bond between the C-terminal glutamate of Pup and the "-amino group of the lysine residue of PPase, but also linear peptide bonds at multiple sites in Pup, preferably after alanine, glutamine, or acidic amino acid residues (Fig. 3C) . No degradation products from the middle region of Pup were detected, but short degradation products, which do not bind to the reverse phase column, may have been generated. After depupylation of PPase, no modification was detected on the K155 residue of the protein by LC-MS/MS analysis (data not shown). PPase was stable, and no peptides generated by PPase were detected (data not shown). These results suggest that Dop specifically cleaves the isopeptide bond between Pup and PPase, and subsequently degrades deconjugated Pup into short peptides.
To determine whether Ala-Ala (33-34) is critical to the degradation of Rhodococcus Pup, as described above, the Ala-Ala residues were replaced with ThrGlu, corresponding to Mycobacterium Pup. When StrepPup AA33/4TE $His 6 -PPase was prepared and incubated with Dop Re , no free Pup AA33/4TE was detected. Because Pup is cleaved at multiple sites by Dop Re (Fig. 3C) , mutation of single cleavage site is not enough to alter the stability of Pup Re .
To confirm the endopeptidase activity of Dop, fluorogenic (AMC) substrates were incubated with Dop and the release of AMC was measured. Dop alone did not release free AMC from the amino acid and peptide substrates. However, peptidase activity of Dop was detected in conjunction with Tricorn proteaseinteracting factor 2 (Table 3) , an aminopeptidase from T. acidophilum with broad specificity against neutral, hydrophobic, and basic amino acid substrates. 29) Analysis by H-AR-AMC indicated that Dop cleaved sites followed alanine residues and that the resulting H-R-AMC was further hydrolyzed by F2 aminopeptidase. This reaction sequence was also observed when H-AAF-AMC was used as substrate. On the other hand, the Suc-AAF-AMC substrate was not cleaved (Table 3) . These results indicate that no modified N-terminal short peptide was cleaved by Dop. These peptidase activities were completely abolished when depupylase-inactive mutant Dop ReE10A was tested (data not shown). 11, 28) Pup has a disordered structure and is not highly conserved among actinomycetes (Fig. 2B) , 30, 31) as indicated by the various Pup cleavage patterns generated by Dop. Although Dop Re and Dop Mt showed similar endopeptidase activity (Table 3) , only Pup Re failed to accumulate after depupylation, while Pup Mt could accumulate (Fig. 1C) . These results suggest that the primary structure of Pup Re plays a critical role in its degradation by Dop. Nevertheless, the proteolytic activity of Rhodococcus Dop calls for further characterization.
When the isolated pupylated proteins were incubated with the proteasome and ATPase complex ARC, the turnover rates of the various proteins were different.
We identified several proteins that were degraded by the Pup-proteasome-dependent proteolytic system (data not shown). In the in vitro reconstitution experiment, however, the half-lives of most pupylated proteins were much longer than the doubling time of the host cells. This suggests that in addition to being a degradation signal, Pup has other unknown functions. StrepPup$His 6 -PPase is a stable pupylated protein, and incubation with excess amounts of the Rhodococcus proteasome and the proteasomal ATPase ARC did not significantly decrease the amount of Strep-Pup$His 6 -PPase. The activity of pupylated PPase (407:2 AE 40:3 mmol, PiÁmg À1 Ámin À1 ) was enhanced by Dop treatment (715:1 AE 57:1 mmol, PiÁmg À1 Ámin À1 ), and the accessibility of the catalytic site was increased by removal of Pup (Fig. 3B) , suggesting that Pup ligation to or removal from cellular proteins can regulate their functions. Further investigation is required to determine the roles of the pupylation and intracellular protein degradation systems in Rhodococcus spp. Recombinant Dop (3 mg) was incubated with 10 nmol of fluorogenic (AMC) substrate for 1 h at 37 C in the presence and the absence of Thermoplasma F2 aminopeptidase (40 or 80 ng).
29) The fluorescence of the AMC released was measured after stopping the reaction. n.t., not tested. Values are means AE SD (n > 3 independent experiments).
